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Top Quark Physics and Searches for New Phenomena at the Tevatron

Raymond E. Hall
University of California, Irvine,
Department of Physics and Astronomy, Irvine, California 92697

The CDF and D� collaborations each have collected over 110pb�1 of data. The following article will describe
near �nal results from two currently topical analyses: results from top quark physics and searches for �rst
generation leptoquarks (LQ), using the entire statistics of these large data sets. After careful selection, both
collaborations have collected top quark data samples consisting of several dozen events each. From these events
both experiments have measured the top quark mass and pair production cross section in a variety of decay
channels, including the so-called dilepton, lepton plus jets, and all jets channels. The combined top quark
mass from both experiments in the lepton plus jets channels is mt = 175:6 � 5:5GeV/c2. CDF and D� have
also performed optimized searches for the pair production of �rst generation leptoquarks. No candidate events
were found. Combining the results from the ee+jets, e�+jets, and ��+jets channels both experiments set 95%
con�dence level (CL) upper limits on the LQ pair production cross section as a function of mass and of �, the
branching fraction to a charged lepton.

1. Top Quark Physics

The discovery of the top quark by the CDF
and D� collaborations in 1995 [1,2] ended a long
search following the 1977 discovery of the b quark.
Since, the integrated luminosity available to the
two collaborations has approximately doubled, to
about 110 pb�1. The sophistication of the top
quark analyses by the two experiments has in-
creased as well.
In the Standard Model (SM) the top quark

completes the third fermion generation. A mea-
sure of the top quark pair production cross sec-
tion is of interest as a test of QCD predictions.
A deviation from these predictions could indicate
non-standard production or decay modes. Calcu-
lations of the cross section is necessarily given as a
funtion of top mass, mtop, which we also measure.
It turns out that the top quark has a large

mass that can be determined to greater fractional
precision than is possible for the lighter quarks,
which decay after they form hadrons. Also, since
mtop is large it controls the strength of quark-
loop corrections to tree-level relations among elec-
troweak parameters. If these parameters and
mtop are measured with some precision, the Stan-
dard Model Higgs boson mass can be constrained.
At the Tevatron, top quarks are pair produced

in
p
s = 1:8 TeV p�p collisions. In the Standard

Model, top quarks decay 100% of the time to a
W boson and a b quark, with subsequent decay
of the W boson into either a charged lepton and
a neutrino, or a quark-antiquark pair. Top quark
signatures are classi�ed on the basis of the decay
of the two W bosons into the dilepton (ee, e�,
and ��), lepton (e or �) plus jets, and all jets
decay channels.

1.1. mtop in the Lepton plus Jets Channel

The lepton plus jets channel has produced the
most precise measurement of the top quark mass
to date [3,4]. The analysis method used by the
two experiments is very similar. Events are re-
quired to have one charged lepton (e or �), four
or more jets and missing ET . Both experiments
make use of information that identi�es or \tags"
certain jets as b quark jets. Jets can be b-tagged
by means of a displaced vertex in the SVX (CDF)
or by the presence of a soft lepton near the jet
(CDF and D�). For untagged events, D� uses a
multivariate event shape requirement to improve
the signal to background ratio. Events are recon-
structed using the four leading jets with a 2C �t
to the top quark pair hypothesis. A top quark
mass likelihood function is derived from the ob-
served distribution of reconstructed masses using
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Table 1
Top quark mass results. If two errors are speci-
�ed, the �rst is statistical and the second is syst-
matic.
Exp. Method mtop (GeV/c2)
CDF ` + jets 176:8� 4:4� 4:8

`` (Eb) 159+24
�22 � 17

`` (m`b) 162� 21� 7
all jets 186� 10� 12

D� ` + jets 173:3� 5:6� 6:2
`` 168:4� 12:3� 3:7
``, ` + jets 172:0� 5:1� 5:5

CDF+D� ` + jets 175:6� 5:5

signal and background \templates." A template
is the expected distrubution of reconstructed top
quark mass for background events or top quark
events of a particular assumed mass. The results
from the lepton plus jets channels are summarized
in Table 1, along with all other top quark mass
results.

1.2. mtop in the Dilepton Channel

Dilepton event selection requires two charged
leptons (e or �), two or more jets, and missing
ET . The dilepton channel di�ers from the lep-
ton plus jets channel in that there is not enough
kinematic information to reconstruct the event.
Therefore, the experiments have resorted to us-
ing mass estimators other than the reconstructed
mass. In principle, any quantity that is correlated
with the top quark mass can be used as an esti-
mator. In all cases, the same template technique
that was used for the lepton plus jets mass analy-
sis is used to calculate a top quark mass likelihood
in the dilepton mass analysis.
This independent measurement is important as

a direct test of the hypothesis that the excess of
events over background in both the lepton + jets
and dilepton channels are due to top quark pair
production.
The two experiments use di�erent quantities as

the top quark mass estimators. CDF has done
two analyses using the b quark jet energy (Eb),
and the lepton-b invariant mass (m`b) as the mass
estimator [3]. D� uses a \weight curve" method,
in which a weight is derived as a function of an
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Figure 1. Top quark cross section vs. mass. Error
bars represent systematic and statistical errors in
quadrature.

assumed top quark mass that describes how likely
each candidate event is to have come from a par-
ticular mass top quark. A separate weight curve
is derived for each candidate event. In principle,
the whole curve is the mass estimator, although
D� actually uses only four numbers extracted
from the curve [5]. D� has also combined its
dilepton and lepton plus jets mass measurements
into a single top quark mass measurement. The
results of the dilepton mass analyses can be found
in Table 1.

1.3. mtop in the All Jets Channel

CDF has obtained a top quark mass measure-
ment in the all jets channel [6]. The event se-
lection for the all jets channel consists of six
or more jets, an SVX b-tag, plus further event
shape requirements. The event sample consists
of 136 events with an expected background of
108�9. This measurement uses the reconstructed
top quark mass based on a 3C �t to the top quark
pair hypothesis as its mass estimator, with like-
lihood derived using the same template method
that is used for other top quark mass measure-
ments. The all jets top quark mass result is shown
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Table 2
Top quark cross section results from CDF (mt = 175 GeV/c2) and D� (mt = 172 GeV/c2).

Exp. Channel �� BR (%) Data Background �t�t (pb)

CDF `` 0:74� 0:08 9 2:1� 0:4 8:5+4:4
�3:4

` + jets (SVX b-tag) 3:5� 0:7 34 8:0� 1:4 6:8+2:3
�1:8

` + jets (soft lepton b-tag) 1:7� 0:3 40 24:3� 3:5 8:0+4:4
�3:6

Combined leptonic 83 33.4 7:5+1:9
�1:6

CDF All jets (single SVX b-tag) 4:4� 0:9 187 142� 12 9:6+4:4
�3:6

All jets (double SVX b-tag) 3:0� 0:9 157 120� 18 11:5+7:7
�7:0

Combined all jets 10:1+4:5
�3:6

CDF `� 0:12� 0:014 4 2:0� 0:4 15:6+19
�13

D� ``, e� 0:91� 0:17 9 2:6� 0:6 6:4� 3:4
` + jets (no b-tag) 2:27� 0:46 19 8:7� 1:7 4:1� 2:1
` + jets (soft � b-tag) 0:96� 0:15 11 2:4� 0:5 8:3� 3:6
Combined leptonic 4:14� 0:69 39 13:7� 2:2 5:6� 1:8

D� All jets (single soft � b-tag) 1:8� 0:4 44 25:3� 3:1 7:9� 3:5

in Table 1.

1.4. tt Production Cross Section

Both experiments have measured the top quark
production cross section using a variety of chan-
nels. The main results quoted by both exper-
iments are based on channels that contain at
least one charged lepton (e or �), basically the
dilepton and lepton plus jets channels described
above [7,8]. Both experiments have also mea-
sured the top quark cross section using the all jets
channel [6,9]. Other channels are the `� (e or �
plus a hadronically decaying � ) dilepton channel
(CDF) [7] and the so-called e� channel (D�) [8],
which requires one charged lepton, two or more
jets, plus very high missing ET and e� transverse
mass.
Event selection sometimes varies slightly be-

tween the top quark mass and cross section anal-
yses. For example, both experiments only require
three jets in the lepton plus jets cross section anal-
ysis, compared to four in the mass analysis. Cross
section results are summarized in Table 2.

1.5. Top Physics Summary

The CDF and D� top quark mass and cross
section results are shown in Fig. 1, together
with three theoretical predictions [10]. These top
quark mass results together with recent results on
the W mass measurement [11] place constraints

on the allowed SM Higgs mass. As shown in
Fig. 2, the central values of the Tevatron results
favor a lighter Higgs mass.

2. First Generation Leptoquark Search

One of the remarkable features of the Standard
Model (SM) is the symmetry between quarks and
leptons that leads to cancellation of chiral anoma-
lies and renders the SM renormalizable. This
symmetry might be explained by a more funda-
mental theory that relates quarks and leptons.
Several extensions [12] of the SM include lep-
toquarks (LQ): color-triplet bosons which carry
both lepton (`) and quark (q) quantum num-
bers. The masses and coupling strengths of lep-
toquarks that couple to all three fermion gen-
erations are severely constrained by low energy
experiments [13] and by HERA [14]. Therefore,
only LQ that couple to a single generation can
be light enough to be accessible at present ac-
celerators. The excess of events at high Q2 in
e+p collisions reported [15] by the H1 and ZEUS
experiments at HERA, and its possible interpre-
tation [16] as evidence for production of �rst
generation scalar leptoquarks with a mass near
200 GeV/c2, have stimulated much interest in
these particles.
Leptoquarks would be dominantly pair-

produced via strong interactions in p�p collisions,
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Figure 2. W mass vs. top quark mass from the Tevatron (points) and recent one � contours from �ts to
LEP and SLD data. The average Tevatron value is preliminary, awaiting a formal analysis to combine the
uncertainty from the two experiments. Errors given are systematic and statistical added in quadrature.
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Figure 3. Electron-jet mass correlation on the
mej1 vs. mej2 plane. Bold points are candidates
(see text) and dots are mLQ = 200 GeV Monte
Carlo.

independently of the unknown LQ{`{q Yukawa
coupling. Each leptoquark would subsequently
decay into a lepton and a quark. For �rst gen-
eration leptoquarks, this leads to three possible
�nal states: ee+jets, e�+jets and ��+jets, with
rates proportional to �2, 2�(1� �), and (1� �)2,
respectively, where � denotes the branching frac-
tion of a leptoquark to an electron and a quark
(jet).
CDF and D� use di�erent techniques in their

LQ search strategies. The following discussion
will be limited to the eejj channel search from
CDF and the eejj and e�jj channels from D�
which set the tightest current limits.

2.1. CDF LQ Search: � = 1
The CDF collaboration uses kinematic selec-

tion in conjunction with balancing the recon-
structed mass of each ej pair, mej1 = mej2. Se-
lection requirements include: two electrons with
ET > 25 GeV, two jets (E1

T > 30 and E2
T > 15

GeV, and an invariant mass requirement on the
dielectron pair, 76 < Mee < 106 GeV, to reduce
the major background of Z decays. Further, the

Figure 4. LQ cross section vs. mass. For � = 1
intersection of cross section 95% CL upper limit
(points) with NLO theory (band) gives mLQ >

213 GeV at 95% CL.

scalar sum of the two electrons' ET and the scalar
sum of the jets' ET must be greater than 70 GeV
each to remove continuum Drell-Yan background.
The events passing these criteria, from a 110 pb�1

data sample, are shown on the mej1 vs. mej2

plane in Fig. 3.
The �nal LQ candidates (for a given LQ mass,

mLQ) are selected by choosing events with the
mean mej of the pair to be within 3� of mLQ.
The cross section limit obtained (Fig. 4) uses sig-
nal acceptence calculations from event sets gener-
ated using the PYTHIA Monte Carlo generator.
Comparison with theory [17] gives mLQ > 210
GeV at 95% CL.

2.2. LQ limits from D�

The D� Collaboration uses loose initial selec-
tion and formal optimization of kinematic selec-
tion using a Random Grid Search [22] and us-
ing neural net [23] techniques. Both techniques
yield similar results. D� uses similar but less
restrictive initial kinematic selection; two elec-
trons ET > 20 GeV, two jets ET > 15 GeV, and
an invariant mass cut on the dielectron pair of
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Also shown are the NLO calculations of Ref. [17]
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� = 1

2
mLQ, respectively.

82 < mee < 100GeV. This leaves 101 events out
of 123 pb�1 of data. The optimization consists of
�nding the most sensitive discriminator for LQ se-
lection using the two techniques above, and plac-
ing a cut on this discriminator to maxmize the ex-
pected signal while constraining the background
to a �xed level (0.4 events).
Investigation of more than 40 combinations of

variables found that the discriminator ST de�ned
as the scalar sum of the ET of both electrons
and all jets with ET > 15 GeV to be most sensi-
tive. Final selection set ST = 350 GeV, giving no
candidate events on a background of 0:44� 0:06
events and a �nal e�ciency of 16 to 36% for
mLQ = 160 to 250 GeV. Comparison with the-
ory [17] yields MLQ > 225 GeV for � = 1 at 95%
CL [19].
The LQ search with � = 0:5 opens up the e�jj

channel (50% of decays) as well as the eejj and
e�jj channels (25% of decays each). This search
includes the eejj analysis above folded with an-
other search for a single electron plus missing

ET topology. The analysis is similar in design
to the eejj search, but here the backgrounds are
tt and W + 2 jet production. The initial selec-
tion is the same except for the substitution of
missing ET > 30GeV in place of the second elec-
tron, and raising the jet ET requirment to 20GeV.
In addition, the transverse mass of the e� pair
must exceed 110GeV to minimize the background
from W production. Final selection is based on
a neural net discriminator, which uses two op-
timized variables as input: ST and the small-
est di�erence bewteen the assumed LQ mass and
Meji. After this �nal cut, no candidate events
survive, on a background estimate of 0:29� 0:25
to 0:61�0:27 events for mLQ from 80 to 200GeV.
Using Bayesian statistics, we obtain a 95% CL
upper limit to the LQ pair production as a func-
tion of LQ mass (Fig. 5). For the e� channel alone
comparison with theory sets a 95% CL lower limit
on the LQ mass of 175 GeV.
An analysis of the �� + jets channel is accom-

plished by making use of our published search
(with

R
Ldt � 7:4 pb�1) for the supersymmetric

partner of the top quark [20]. Three events sur-
vive the selection criteria (E/T > 40 GeV, 2 jets

with E
j
T > 30 GeV, and no isolated electrons or

muons) consistent with the estimated background
of 3:5 � 1:2 events, mainly from W/Z+jets pro-
duction with e�ciencies of 1.1 to 3.9% for mLQ=
60 to 100 GeV. This analysis yields the limit
mLQ >79 GeV at the 95% CL for � =0.
Combining the ee+jets, e�+jets, and ��+jets

channels, D� calculates 95% CL upper limits on
the LQ pair production cross section as a function
of LQ mass for various values of � [21]. These
cross section limits for � = 1

2
(shown in Fig. 5),

when compared with NLO theory, yield a 95%
CL lower limit on the LQ mass of 204 GeV. The
lower limits on the LQ mass derived as a function
of �, from all three channels combined, as well as
from the individual channels, are shown in Fig. 6.

2.3. Conclusions

In conclusion the CDF and D� Collaborations
have both searched for �rst generation scalar lep-
toquarks. The Tevatron results limit the inter-
pretation of the HERA high Q2 event excess. For
example, the D� results exclude (at the 95% CL)
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Figure 6. Lower limits on the �rst generation
scalar leptoquark mass as a function of �, based
on searches in all three possible decay channels
for LQ pairs. Limits from LEP [24] and from our
previous analysis [18] of 1992{93 data are also
shown. The shaded area is excluded at 95% CL.

the interpretation of the HERA high Q2 event ex-
cess as s-channel scalar LQ production with LQ
mass below 200 GeV/c2 for values of � > 0:4,
and signi�cantly restrict new LQ models contain-
ing additional fermions [25].
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